Pairs of reflection electron energy loss spectra recorded at different incident energies are decomposed to give the energy loss distribution in individual inelastic collisions at the surface and in the bulk of the solid. The resulting single scattering loss distributions are fitted to a Drude-Lindhard model for the dielectric function in the spectral range between the near visible and soft x-ray regions. Good agreement is found between the retrieved optical constants, density functional theory calculations, and optical measurements, rendering this type of analysis promising for the investigation of surface plasmons and determination of optical constants of individual nanostructures. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2397026͔
Knowledge of the optical constants of a solid is important in many branches of physics. For example, dissipation of the energy of a charged particle moving in a solid mainly proceeds via electronic excitations which are governed by the susceptibility of the solid to become polarized by the incoming particles or electromagnetic radiation, 1 as described by the dielectric function of the solid. Quantitative understanding of the energy loss process is of utmost importance for surface analysis with electron beams. 2 With the advent of density functional theory beyond the ground state, ab initio theoretical calculations of optical data have also become available. [3] [4] [5] Such calculations are very useful for the design of new materials, but experimental data are important to verify the theoretical approaches employed.
In the present letter a method is described to obtain optical constants of a solid ͑for the spectral range from the near visible to the soft x-ray regime͒ as well as the distribution of energy losses of electron-excited surface and volume plasmons. This is achieved by analysis of reflection electron energy loss measurements, being one of the simplest conceivable experiments that can be conducted with electrons. Such experiments have the advantage that they can be conducted on samples prepared in an arbitrary way, in particular on individual nanostructures, and can be performed in combination with other experimental techniques. In this sense, and by virtue of their simplicity, such experiments offer advantages over other methods to probe the optical constants of a solid, such as electron energy loss spectroscopy in the transmission electron microscope 6 and optical measurements.
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A reflection electron energy loss spectrum ͑REELS͒ is made up of electrons that have experienced a certain number of volume and surface energy losses. The distribution of energy losses in a single excitation is given by the normalized differential mean free path for bulk inelastic scattering ͓DI-IMFP, w b ͑T͔͒ and the normalized differential surface excitation probability ͓DSEP, w s ͑T͔͒, where T denotes the energy loss and the subscripts b and s indicate bulk and surface scatterings, respectively. The energy distribution after a given number of bulk and surface excitations ͑n b , n s ͒ is given by the multiple cross convolution of the DIIMFP and the DSEP. 12 In other words, in Fourier space, the spectrum is given by a bivariate power series of the DSEP and the DI-IMFP. The coefficients of this power series are the number of electrons that have participated in ͑n b , n s ͒ bulk and surface excitations, the so-called partial intensities ␣ n b ,n s that can be determined by a Monte Carlo simulation. 13 A unique solution for the desired quantities, w b ͑T͒ and w s ͑T͒, exists when two loss spectra measured at different energies or geometrical configurations are used, i.e., two spectra with a different sequence of partial intensities. The solution can be found by reversion of the bivariate power series in Fourier space, 12 but can also be approximated by a second order rational fraction expansion ͑a so-called Padé approximation͒, which shows better convergence behavior. In energy space, this gives the deconvolution formula for REELS as a Volterra integral equation of the second kind:
where the quantity Y k,l ͑T͒ is the ͑k , l͒th order cross convolution of the two REELS
and y 1 ͑k͒ and y 2 ͑l͒ are the ͑k −1͒-and ͑l −1͒-fold selfconvolution of the measured spectra. Since w͑T =0͒ϵ0, the integration on the right hand side of Eq. ͑1͒ can always be carried out over the energy loss range for which the loss distribution is already known. In this way, the entire energy loss distribution is retrieved. mation on surface excitations is required for the retrieval. The procedure returns the normalized DIIMFP in absolute units, while the correct shape of the DSEP is retrieved in relative units which can be converted to absolute units by normalization. Note that Eq. ͑1͒ is essentially different from the approach of Tougaard and Chorkendorff, 15 based on analysis of a single spectrum, which yields a not very well defined mixture of surface and bulk scatterings 12 that is difficult to interpret quantitatively.
The result of the present procedure applied to pairs of spectra recorded on semi-infinite homogeneous Cu ͑taken at primary energies of 1000 and 3000 eV͒, Ag ͑300 and 3000 eV͒, and Au ͑1000 and 3400 eV͒ is shown in Fig. 1͑a͒ as open ͑DIIMFP͒ and filled ͑DSEP͒ circles. See Ref. 14 for experimental details and the criterion for selecting the optimum energy combination. The energy loss range of the REELS as well as the deconvoluted DIIMFP and DSEP was 150 eV. For clarity only the most prominent part of the energy loss distribution ͑T Ͻ 50 eV͒ is shown in Fig. 1͑a͒ .
The retrieved DIIMFPs and DSEPs are simultaneously fitted to the theoretical expressions for these quantities 1,12,16 using a Drude-Lindhard expansion for the dielectric function as follows:
where = T is the energy loss and q is the momentum transfer. Those values of the resonance frequencies i , the oscillator strengths f i , and the damping coefficients ␥ i that give the best fit of the model dielectric function to the data shown in Fig. 1͑a͒ are taken to parametrize the dielectric function. A quadratic dispersion i ͑q͒ = i + q 2 / 2 was used for the transition described by the ith oscillator, except for energies higher than the most loosely bound core electrons, which are described by localized states without dispersion. The best fit obtained in this way is indicated as solid curves in Fig. 1͑a͒ . It is seen that the employed theory, in combination with the model dielectric function, perfectly describes electronic energy losses deep inside the solid, while minor discrepancies are observed for surface scattering, which are attributed to simplifying assumptions concerning the depth dependence of the surface excitation probability in the theory of Ref. 16 .
The real and imaginary parts of the dielectric function corresponding to the optimum values of the fit parameters are compared in Figs. 1͑b͒ and 1͑c͒ , respectively, with an earlier set of optical data found in Palik's books 7, 8 The solid curve is obtained by simultaneously fitting these data to theory for a set of Drude-Lorentz parameters for the dielectric function. The data for the surface excitation probability were scaled by a factor of 0.25 in order to facilitate comparison. ͑b͒ Real part of the dielectric function, 1 , resulting from the fit shown in ͑a͒ ͑open circles͒ compared with Palik's data ͑solid curves͒ ͑Refs. 7 and 8͒ and density functional theory calculations ͑dashed curves͒ ͑Refs. 3 and 5͒. To facilitate comparison, the DFT data were smoothed with a Gaussian with a width matching the elastic peak in the REELS measurements. ͑c͒ Same as ͑b͒ for the imaginary part of the dielectric function. The insets show the same comparison for Ͻ 10 eV using the unsmoothed DFT data. The vertical lines through the data points in ͑b͒ and ͑c͒ indicate the uncertainty in the retrieved dielectric function. matrix elements were computed using Kohn-Sham orbitals. 3 The DFT results were smoothed with a Gaussian with a width corresponding to the experimental elastic peak of about 1.5 eV in order to facilitate comparison. Within the estimated uncertainty, the present data agree satisfactorily with the other data sets, both for the real and imaginary parts of . For energies above 10 eV, close inspection reveals that the shape and, in particular, the position of various peaks for all three materials are in better agreement with the DFT results than with Palik's data. At energies below Շ5 eV, the present data even seem to agree significantly better with the DFT results ͑in particular, for 1 ͒ than with Palik's data. This is caused by the smoothing of the DFT data, which is necessary to compare them with the present results but at the same time obscures the sharp excursions in the real and imaginary parts of below 5 eV. The effect of the smoothing on the DFT data is illustrated for 2 in the insets of Fig. 1͑c͒ . For a more detailed comparison of in the visible spectral range, it is therefore necessary to conduct reflection experiments with a monochromatized primary beam.
As a final result, Table I displays the outcome of the Thomas-Reiche-Kuhn ͑or f͒ sum rule and the perfect screening ͑ps͒ sum rule. For all studied materials the present optical data give results closer to the expected value of 1.000 for the ps-sum rule than Palik's data, while the f-sum rule shows deviations from the atomic number of the same order of magnitude for both data sets.
In summary, it has been shown that deconvolution of a pair of REELS to give the normalized DIIMFP and DSEP is possible using a simple procedure summarized by Eq. ͑1͒. The basic assumption of this procedure is that surface and bulk excitations can be treated as uncorrelated processes. 12, 17 It was shown that for semi-infinite flat surfaces, the relationship between the DIIMFP and the DSEP and the dielectric function is quantitatively understood, which allows one to retrieve optical constants of a solid from REELS data acquired on flat semi-infinite surfaces. Since the reflection energy loss process takes place in a region of space with dimensions of the order of about twice the inelastic mean free path ͑ i ϳ 0.5-3.0 nm, for medium energy electrons͒ and surface excitations are confined to depths below and above the surface of about 0.5 nm, it is possible, in principle, to apply this procedure to probe the dielectric response of individual nanostructures with REELS. However, due to quantum size effects, the dielectric function of a nanostructure may be different from the bulk dielectric function, the relationship between and the DIIMFP and DSEP will not be the same as for planar surfaces, and the validity of the assumption of the indepence of surface and bulk excitations needs to be verified before the method can be applied for the investigation of nanostructures in practice.
The author is grateful to C. Ambrosch-Draxl ͑Ref. 3͒ and V. Keast ͑Ref. 5͒ for making their optical data available for the present comparison. Financial support of the present work by the Austrian Science Foundation FWF through Project No. P15938-N02 is gratefully acknowledged. 
